Quinolones are synthetic antibacterial compounds based on a four-quinolone skeleton (4, 29) . Fluoroquinolones have been very successful clinically and are used to treat bacterial infections, including respiratory and urinary tract infections. Quinolones target bacterial type II topoisomerases, generally DNA gyrase in gram-negative bacteria and DNA topoisomerase IV in gram-positive bacteria (9) . Type II topoisomerases are enzymes that resolve topological problems in DNA (38) . They cleave double-stranded DNA in both strands and then transport another segment of double-stranded DNA through the cleaved DNA segment before religating the DNA. Quinolones inhibit the strand-passage activity of topoisomerases by stabilizing the formation of a cleaved-DNA complex (13, 34) .
Quinolone resistance mutations generally cluster around the active-site region of the DNA gyrase A protein, between residues 67 and 106, known as the quinolone resistance-determining region (40) . These resistance residues lie within the proposed DNA binding interface in the structure of the DNA cleavage-religation domain of DNA gyrase (23) ; quinolones are thought to interact with both gyrase and DNA. These quinolone resistance-determining region residues are likely to form a binding pocket for quinolones, which may also include quinolone resistance residues from GyrB (17) . Consistent with this, resistance mutations of gyrase show a decrease in drug binding affinity (17, 39) .
The interaction between quinolones and DNA is also important within the ternary complex, since DNA is necessary to form a stable gyrase-quinolone complex (7) . Quinolones have been shown to bind to single-stranded DNA with a preference for poly(dG) [poly(dG) Ͼ poly(dA) Ͼ poly(dT) Ͼ poly(dC)], and they were also found to bind weakly to double-stranded DNA in a sequence-independent manner (32) . The preference for G residues can be explained by a model in which four quinolone molecules bind to a single-stranded region within the gyrase-DNA complex by base pairing (33) . Other work also suggests a preferential interaction of quinolones with G residues (6, 15) . DNA modeled into the structure of the cleavagereligation domain of DNA gyrase suggests that the DNA is distorted in the active site (23) , which may provide a singlestranded region for drug binding. The quinolone-DNA interaction is clearly important for the stability of the ternary complex, but the Shen model is unlikely to be entirely correct since binding studies suggest that two quinolone molecules bind per gyrase-DNA complex (7) . This conclusion is supported by the positions of resistance mutations, which appear to form two quinolone-binding pockets, one on either side of the GyrA dimer interface (23) . Also, the Shen model does not take into account the fact that Mg 2ϩ is required for the quinolone-DNA interaction (26) . Mg 2ϩ has been shown by nuclear magnetic resonance to bind to quinolones via the C-3 and C-4 carboxylate and carbonyl groups ( Fig. 1 and Table 1 ), probably in a 1:1 ratio (20) . Quinolones have been proposed to bind to the DNA phophodiester backbone via an Mg 2ϩ bridge coordinated by the C-3 and C-4 groups (27) , an interaction that would be stabilized by stacking between the bases and the quinolone.
Insight into the mode of interaction of quinolones has also been obtained by examining the sequence of quinolone-induced gyrase cleavage sites. The sites of cleavage of pBR322 DNA by DNA gyrase in the presence of oxolinic acid were used to define a 20-bp consensus sequence (22) . An important determinant of the consensus sequence is the 4-base region downstream of the gyrase cleavage site (5Ј-2GRYC, where R and Y indicate purine and pyrimidine, respectively, and the arrow indicates the site of cleavage). If the G or C is mutated, DNA cleavage is significantly reduced (11); the major cleavage site of pBR322 is at 990 bp (12) . A model has been described for quinobenzoxazines and Mg 2ϩ binding to the yeast topoisomerase II-DNA complex (10, 19) . These compounds appear to require Mg 2ϩ for DNA binding, since they contain the carbonyl and carboxylate groups, but they form a much more stable intercalative complex with DNA than the quinolones do (28) . This model proposes that two pairs of quinobenzoxazine molecules bind to DNA via Mg 2ϩ bridges (10) . In each pair, one drug molecule intercalates between bases adjacent to the cleavage site and the other binds externally, where it can interact with the protein.
On the basis of the observation that the quinolone norfloxacin can form mixed-structure dimers with quinobenzoxazines on DNA, it has been suggested that this mode of binding may be applicable to quinolones (10) .
In other work a number of quinolones were compared by using quantitative structure-activity relationships (21) . Quinolones were suggested to intercalate in double-stranded DNA with the R1 group ( Fig. 1 binding to the complex was analyzed by molecular dynamics simulation (21) . A hydrated Mg 2ϩ ion bound to the complex; the binding was coordinated by the quinolone carboxylate and carbonyl groups, two oxygens from each of two phosphates, and the N-7 and O-6 of a purine and a guanine, respectively.
The diversity of the models discussed above shows that, without a high-resolution structure of the gyrase-quinolone-DNA complex, understanding the quinolone binding interaction is challenging. In order to progress our understanding of the gyrase-quinolone-DNA interaction, we have examined the interaction between quinolones and DNA to see if a particular mode of binding correlates with the in vitro quinolone potency against DNA gyrase. We find that quinolones bind to singlestranded DNA in a sequence-dependent manner that is mediated by Mg 2ϩ . This interaction correlates with quinolone potency, indicating that similar binding to the gyrase-DNA complex occurs. Binding to double-stranded DNA was not dependent on the sequence used and did not correlate with the quinolone potency.
MATERIALS AND METHODS
Quinolones, enzymes, and DNA. All quinolones except enoxacin were dissolved in a 1:5 molar ratio of drug to KOH; enoxacin required equimolar NaOH for dissolution. The PD compounds, ciprofloxacin, norfloxacin, enoxacin, ofloxacin, and difloxacin were gifts from Parke-Davis (PD; Ann Arbor, Mich.), Bayer, Merck, Dainippon, Hoechst, and Abbott Laboratories, respectively. Oxolinic acid, pipemidic acid, and piromidic acid were purchased from Sigma.
GyrB was purified to homogeneity as described previously (24) . GyrA and relaxed pBR322 were gifts from A. J. Howells (John Innes Enterprises Ltd.). The oligonucleotides (MWG Biotech) used in this study were based on the preferred quinolone-mediated gyrase DNA-cleavage site of pBR322 (referred to as the 990 site) and were as follows: single-stranded 6-mers (5Ј33Ј) TGG CCT, TAA CCT, TGG TTT, and TAA TTT; single-stranded 24-mer CGA GGC TGG ATG GCC TTC CCC ATT; and hairpin oligonucleotides TGG CCT CCC CAG GCC A and TAA CCT CCC CAG GTT A.
Enzyme assays. Supercoiling assays for determination of the in vitro potencies of the quinolones were performed as described previously (17, 30) . DNA cleavage specificity assays contained 10 g of relaxed pBR322 DNA per ml, 9 g of tRNA per ml, 35 mM Tris ⅐ HCl (pH 7.5), 24 mM KCl, 4 mM MgCl 2 , 2 mM dithiothreitol, 1.8 mM spermidine, 1 mM ATP, 0.1 mg of bovine serum albumin per ml, 6.5% (wt/vol) glycerol, and the quinolone at the desired concentration. Samples were preincubated for 5 min at 25°C before gyrase was added at a final concentration of 70 to 100 nM (GyrA monomer). Following a 30-min incubation of the cleavage reaction at 25°C, 0.5 U of EcoRI was added and the incubation was continued at 37°C for 15 min. Sodium dodecyl sulfate and proteinase K were added to final concentrations of 0.2% (wt/vol) and 0.1 mg/ml, respectively, and the incubation was continued for 30 min at 37°C. Samples were prepared for electrophoresis by the addition of 1 volume of 40% sucrose-0.1 M Tris ⅐ HCl (pH 7.5)-0.1 M EDTA-bromophenol blue and 2 volumes of chloroform-isoamyl alcohol (24:1). The products were separated on a 1.35% agarose gel.
DNA unwinding assays. Samples contained 1 U of wheat germ topoisomerase I (Promega), 10 g of negatively supercoiled pBR322 DNA per ml, 35 mM Tris ⅐ HCl (pH 7.5), 24 mM KCl, 4 mM MgCl 2 , 6.5% (wt/vol) glycerol, 4 mM dithiothreitol, and the quinolone at the desired concentration in a final volume of 30 l. The samples were preincubated for 5 min at 37°C before the addition of topoisomerase I to start DNA relaxation. The samples were further incubated at 37°C for 30 min. The reactions were terminated, and the samples were prepared for agarose gel analysis by the addition of 0.5 volume of chloroformisoamyl alcohol (24:1) and 0.2 volume of 0.2% (wt/vol) sodium dodecyl sulfate-80 mM Tris ⅐ acetate-2 mM EDTA-20% (wt/vol) glycerol-bromophenol blue. The products were separated on 1.1% agarose gels containing 0, 0.5, or 1 g of chloroquine per ml.
SPR. Surface plasmon resonance (SPR) was performed (at 25°C) by using a Biacore 2000 or a Biacore X instrument (Biacore AB, Uppsala, Sweden) with streptavidin-coated sensor chips. 5Ј Biotinylated oligonucleotides were attached in HBS-EP buffer (Biacore) to flow cell 2 by flowing 100 l of 200 nM oligonucleotide in 300 mM NaCl across the chip at 5 l/min. Flow cells 1 and 2 were then blocked with 100 l of 1 mg of biotin per ml. A buffer of 35 mM Tris ⅐ HCl (pH 7.5) and 1 mM MgCl 2 was flowed across flow cell 1 and then flow cell 2 at 30 l/min, unless indicated otherwise. The quinolones in the same buffer were injected across flow cell 1 and then flow cell 2; the blank (flow cell 1) signal was subtracted, and the change in amplitude was measured. In order to determine apparent dissociation constants (K d s), the amplitude was measured at a range of drug concentrations, and the data were fitted to a single-site binding equation
To minimize mass transport effects, a fast flow rate was used; experiments carried out at slower flow rates gave comparable results. The resultant binding isotherms (e.g., see Fig. 3 ) suggested that mass transport correction was unnecessary.
RESULTS

Quinolone potency in vitro.
To examine the interaction of quinolones with DNA, we selected a range of compounds ( Fig.  1 and Table 1 ), some of which had been used in a previous study (2) . The potencies of these compounds were determined in vitro by measuring the 50% inhibitory concentrations (IC 50 s) for the inhibition of gyrase supercoiling activity ( Table  2 ). The quinolone IC 50 s for supercoiling activity varied significantly among the quinolones tested. Ciprofloxacin and its derivatives had the lowest IC 50 s (i.e., were the most potent), and the nonfluorinated compounds oxolinic acid, pipemidic acid, and piromidic acid had the highest (i.e., were the least potent).
Quinolone-dependent DNA cleavage specificity. The specificity of DNA cleavage by gyrase in the presence of various different quinolones ( Fig. 1 and Table 1 ) was examined to see if there was a correlation between cleavage specificity and quinolone potency. A relaxed DNA substrate (plasmid pBR322) was used with a high gyrase concentration to produce cleavage at several sites on the DNA. The DNA was then linearized with EcoRI to produce a cleavage pattern that was similar for all the quinolones tested (Fig. 2) . All the quinolones showed a preference for cleavage at the 990 site (12) . However, three of the quinolones, oxolinic acid, pipemidic acid, and piromidic acid, produced cleavage patterns that were distinctly different. These cleavage patterns are termed set II and were distinct from the other patterns, which are set I (Table 2) . Therefore, the nature of the quinolone alters the cleavage site preference of DNA gyrase, indicating that the quinolone-DNA interaction is important within the ternary complex. This suggests that the (Table 2) , were the only compounds that caused cleavage pattern II. These are also the only drugs that lack a fluorine atom at C-6. DNA unwinding. DNA relaxation by topoisomerase I has previously been used to investigate the DNA unwinding effects of nalidixic acid and norfloxacin (36, 37) . In these experiments, closed-circular DNA was incubated with the quinolones and then treated with topoisomerase I, and the extent of DNA unwinding was determined electrophoretically. The unwinding of supercoiled plasmid DNA by norfloxacin was 17-fold higher than that by nalidixic acid. This compares to ϳ60-to 120-fold differences in potency, as determined by MICs and IC 50 s (16, 41) . We have examined the DNA unwinding ability of a larger set of quinolones to see if these results correlate with other binding data and the in vitro potency. Each compound was tested at two or three different concentrations, and agarose gels of the topoisomer products were analyzed for the change in linking number (data not shown). A Gaussian function was used to calculate the mean change in linking number of the DNA for each drug at each concentration (3). In control experiments, drugs were titrated into the reaction in order to confirm that the change in linking number was linear with respect to the amount of drug added. The data show that the level of DNA unwinding varies significantly for the quinolones (Table 2) . However, there is not an obvious correlation between quinolone potency (as measured by IC 50 ) and DNA unwinding. For example, PD0117962 is more potent than ciprofloxacin (ϳ1.6-fold) but is a less effective unwinding agent (ϳ40% compared with ciprofloxacin); oxolinic acid is ϳ15-fold less potent than ciprofloxacin but is ϳ5-fold less effective as an unwinding agent (Table 2) .
Single-stranded DNA binding specificity. In order to assess the binding of quinolones to single-stranded DNA, we synthesized a series of 6-mer oligonucleotides, based on the preferred gyrase cleavage site of pBR322, at nucleotide 990 (5Ј33Ј): TGGCCT, TAACCT, TGGTTT , and TAATTT. Binding was measured by SPR. In preliminary experiments with norfloxacin and PD0163449 (Table 1) , we found that TGGCCT, the canonical 990 site sequence, bound most tightly and that TAA CCT showed the weakest binding (data not shown). In subsequent experiments with a range of other drugs ( Fig. 1 and Table 1 ), only these two oligonucleotides were used. (It was assumed that the oligonucleotides were single stranded on the chip surface since the melting temperature for each is ϳ20°C, and experiments were performed at 25°C. Also, there was no loss of mass from the surface of the chip when the temperature was increased to 30°C.)
The SPR sensograms did not produce classic on-off binding curves but showed a rapid increase in response units (RUs) when a quinolone was present, and this returned to the baseline when the injection was stopped (Fig. 3) . The results for quinolone titrations show that the interactions are noncompetitive and saturable, indicating that this is a genuine interaction with a fast on-and-off rate. Other interactions with a rapid on-and-off rate have been shown to produce similar results by SPR (5, 25) ; by using the steady-state level of the RU change, it is possible to derive binding data from experiments carried out with a range of drug concentrations.
DNA binding was measured with a range of drug concentrations (10 to 500 M) for both oligonucleotides; the data for ciprofloxacin are shown in Fig. 3 . The data were fitted to a single-site binding equation, since although there may be more than one drug binding site, the sites are likely to be independent (Fig. 3) . K d app s were calculated from the fitted data (Table 3). It is apparent from the shape of the curves in Fig. 3B and D that binding to TAACCT is weaker than that to TGG CCT; the K d app s for most compounds were more than fourfold higher for the substituted sequence (Table 3) .
The fitted data also gave a value (in RUs) for the quinolone-DNA binding capacity (the maximum amount of quinolone bound to the DNA). This RU increase is proportional to the mass bound to the DNA. Therefore, if the mass of DNA bound to the chip is also known in terms of the numbers of RUs, then the mass of a quinolone that binds to the DNA can be calculated. For the compounds with the set II cleavage pattern, this corresponds to a stoichiometry of ϳ1 per oligonucleotide, whereas for most of the compounds with the set I cleavage pattern, this is ϳ2 per oligonucleotide ( Table 3 ). The exception is norfloxacin, which has the highest binding capacity (a stoichiometry of 3 to 4 to TGGCCT), suggesting that norfloxacin may exhibit a different mode of binding and may be less sequence selective. we found that there was no increase in the numbers of RUs when a complementary oligonucleotide was flowed across the chip, implying that the hairpin structure was maintained on the chip surface. Cytosines were used in the hairpin loop since quinolones show the weakest affinity for poly(dC) (32) . Binding was compared to a second hairpin, TAACCTCCCCAGG TTA (5Ј33Ј), containing the sequence of the single-stranded oligonucleotide that had previously shown the weakest quinolone binding affinity. The K d app s for most of the quinolones are similar for both hairpin oligonucleotides ( Table 4 ), indicating that the interaction with double-stranded DNA is less sequence dependent. Furthermore, there is less variation between the K d app s for different quinolones than those determined with single-stranded DNA ( Table 3 ), suggesting that quinolone potency is not correlated with binding to doublestranded DNA. In general, the K d app s for binding to the hairpins (Table 4) are increased compared to those for binding to the single-stranded oligonucleotides ( Table 3 ), suggesting that the quinolones, particularly those with lower IC 50 s, bind preferentially to single-stranded DNA.
Correlations between in vitro potency and DNA binding. The IC 50 s for in vitro quinolone potency were plotted against the K d app s for binding to single-and double-stranded DNA to determine whether there is a systematic correlation. The K d app s for binding to TGGCCT (the 990 site sequence) and TAACCT were plotted ( Fig. 4A and B insets) . The data for TGGCCT appear to show a correlation, but this is heavily influenced by the data for the low-potency drugs; little or no (Table 3) were calculated from the ratio of the increase in the numbers of RUs for quinolone binding to the mass (in RUs) of DNA attached to the chip surface. (Fig. 3) .
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correlation exists for TAACCT. Therefore, the data were replotted by excluding those for oxolinic acid and piromidic acid, which had the highest IC 50 s ( Fig. 4A and B) . Again, the data for TGGCCT appear to show a correlation: as the potency increases, the DNA binding affinity also increases. Therefore, the mode of binding to single-stranded DNA is apparently related to quinolone potency, suggesting that quinolones bind to single-stranded DNA in the gyrase-DNA complex. The results for norfloxacin are outliers, particularly for binding to TAACCT, which may be because it has a different mode of binding to single-stranded DNA since it has a higher binding stoichiometry ( Table 3) . The IC 50 s were also plotted against the K d app values for binding to the hairpin oligonucleotides, which are equivalent to double-stranded DNA (Fig. 4C and D) . However, there is no obvious correlation between quinolone potency and double-stranded DNA affinity. This indicates that the binding to double-stranded DNA is not related to the quinolone potency against DNA gyrase. Therefore, it is unlikely that binding to double-stranded DNA reflects the mode of quinolone interaction with the gyrase-DNA complex.
Metal ion dependence of DNA binding. To further examine the quinolone-DNA interaction, binding of 100 M ciprofloxacin was measured by SPR in the presence of different divalent metal ions. Binding was measured by using a single-stranded 24-mer oligonucleotide based on the 990 site of pBR322 to increase the DNA binding signal-to-noise ratio. The experiments were performed by altering the metal ion concentration in both the buffer used to prime the chip surface and the quinolone solution that was injected across it. For ciprofloxacin the optimal metal ion concentration was about 0.5 to 1 mM, and the level of binding was greater for all the softer Lewis acids tested than for Mg 2ϩ (data not shown). This was surprising because quinolones require Mg 2ϩ for DNA binding (26) , possibly by forming an Mg 2ϩ bridge to phosphates in the DNA backbone (27) . Softer Lewis acids, such as Cd 2ϩ , tend to bind to the nitrogens of bases in the minor groove. This suggests that the manner of binding may differ in the presence of softer metal ions. In support of this idea, the shapes of the sensograms produced with the softer metal ions were different from those produced with Mg 2ϩ (data not shown). A significant proportion of the binding has a slower on-and-off rate, but the sensograms still do not resemble a typical binding curve, since there is a large amount of very rapid binding. Therefore, there may be more than one mode of binding of quinolones to DNA in the presence of softer metal ions: rapid, weak binding and slower, tighter binding.
The Mg 2ϩ dependence of double-stranded DNA binding was also measured. Binding of 100 M ciprofloxacin to the 990 site hairpin sequence was measured in the presence of increasing MgCl 2 concentrations (data not shown). Significant binding required the presence of 0.5 to 1 mM MgCl 2 , similar to binding to a single-stranded oligonucleotide. Therefore, quinolone binding to double-stranded DNA is also Mg 2ϩ dependent. The fact that an increased level of binding to single-stranded DNA is seen for ciprofloxacin with softer metal ions suggests that the stoichiometry of binding is increased. However, it does not give any indication of the affinity of the interaction. Therefore, ciprofloxacin binding to the 990 site 6-mer (TGGCCT) was measured in the presence of Mg 2ϩ , Ca 2ϩ , Mn 2ϩ , and Cd 2ϩ . The manner of ciprofloxacin binding in the presence of Ca 2ϩ appears to be similar to that in the presence of Mg 2ϩ , with a similar binding stoichiometry but a weaker K d app (Table  5 ; Fig. 5 ). The binding interaction with the softer metal ions appears to be different, with a higher binding stoichiometry and a weaker K d app , indicating that binding is less specific. Mn 2ϩ , which is softer than Mg 2ϩ and Ca 2ϩ , increases the binding stoichiometry slightly to ϳ3, whereas Cd 2ϩ , a soft divalent metal ion (14) , causes a dramatic increase in the binding stoichiometry. The binding stoichiometry of oxolinic acid to the 6-mer with the various metal ions was similar to that of ciprofloxacin (data not shown).
DISCUSSION
The aim of this work was to explore the interaction of quinolones with DNA to attempt to find a mode of binding that correlated with the potencies of the drugs for their target, DNA gyrase. Initially, we compared the effects of a number of quinolones on the DNA cleavage specificity of DNA gyrase. The cleavage specificities were classified into set I or set II. Pattern II compounds included oxolinic acid, pipemidic acid, and piromidic acid, which have relatively high IC 50 s for the inhibition of gyrase supercoiling. Therefore, it is likely that the cleavage specificity is dependent on the quinolone potency; more potent drugs have less specificity at DNA cleavage sites, while less potent drugs cleave mainly at the 990 site. The obvious difference between the two sets is a fluorine atom at C-6, which is known to increase quinolone potency (8, 18) . The 990 site of pBR322 is the major cleavage site for all drugs, suggesting that this particular sequence is less dependent on the quinolone structure than other sites.
The DNA unwinding abilities of the quinolones were measured. We found that there was no obvious correlation between the unwinding ability and the IC 50 . The amount of unwinding presumably indicates the degree of intercalation. Therefore, it is likely that compounds such as PD0163449 and PD0164488, which have bulky groups at C-8, do not intercalate as well as ciprofloxacin, which has H at C-8. This suggests that this mode of interaction does not reflect the manner of the quinolone-DNA interaction within the gyrase-DNA complex.
The affinities of the various quinolones for single-stranded DNA were measured by SPR. Binding to a 6-mer oligonucleotide, TGGCCT, the sequence of the preferred gyrase cleavage site of pBR322, and to the substituted sequence, TAAC CT, was measured. All of the quinolones tested had a much greater affinity for the 990 site sequence, with most having 4-to 10-fold lower K d app s. This is consistent with previous findings suggesting a preference for a G residue 5Ј to the quinoloneinduced cleavage site (6, 15) .
The affinities of the quinolones for double-stranded DNA were also measured by SPR. Two double-stranded hairpin DNA sequences were constructed, both of which formed 6 bases of double-stranded DNA. TGGCCTCCCCAGGCCA formed the sequence of the 990 site of pBR322, while TAAC CTCCCCAGGTTA contained a substitution of the first two guanines. The quinolones bound to either sequence with similar affinities, suggesting that binding to double-stranded DNA is not sequence dependent. The quinolones with lower IC 50 s, such as ciprofloxacin and the PD compounds, showed higher K d app s for binding to double-stranded DNA than for the preferred single-stranded oligonucleotide, with at least two-to fivefold stronger binding to the single-stranded oligonucleotide. Other compounds such as piromidic acid showed a similar affinity for single-or double-stranded DNA. This indicates that the more potent compounds have a greater preference for single-stranded DNA than for double-stranded DNA than the less potent compounds. This difference may explain in part the differences in quinolone potencies against DNA gyrase. The different quinolones tested bound to a double-stranded DNA hairpin with similar affinities, suggesting that the mode of interaction with double-stranded DNA is less dependent on quinolone structure and potency than the mode of interaction with single-stranded DNA. Taken together, these data suggest that quinolones bind to a single-stranded DNA within the gyrase-DNA-quinolone complex.
The quinolone affinity for single-or double-stranded DNA and the in vitro quinolone potency were compared to see if there was a correlation. There did not appear to be a relationship between double-stranded DNA affinity and quinolone potency. However, when the single-stranded DNA affinity and the IC 50 s were compared, there appeared to be a meaningful correlation; as the quinolone IC 50 increased, the K d app also increased. This suggests that drug binding to single-stranded DNA within the gyrase-DNA complex correlates with the inhibition of gyrase supercoiling activity, i.e., the greater the affinity for single-stranded DNA, the greater the potency.
The is required for the higher-affinity sequence-specific quinolone-single-stranded DNA interaction. Therefore, it may mediate guanine-specific contacts by forming a bridge between the quinolone and the DNA.
Substitution of the GpG step of the 990 site oligonucleotide significantly affected the affinities of the quinolones for singlestranded DNA, since all of the quinolones showed a significantly reduced affinity for the altered sequence (TAACCT). This is slightly surprising since GpG has been replaced by ApA and indicates that the presence of guanines is important for the higher-affinity interaction. We suggest that Mg 2ϩ may mediate the sequence-dependent quinolone binding to the GpG step. It is interesting that a recent double-stranded A-form DNA dodecamer crystal structure shows a hydrated Mg 2ϩ bound to two GpG sequences within ACCGGCCGGT (31) . Three water molecules of the hydrated Mg 2ϩ form hydrogen bonds to the N-7 and O-6 groups of the two guanines. This mode of interaction is reminiscent of the quinolone-DNA model suggested by Llorente et al. (21) , in which Mg 2ϩ binding is coordinated by the C-3 and C-4 groups of the drugs and the O-6 and N-7 groups of guanines.
We should point out that in the present study we have only looked at a single gyrase cleavage site (the major gyrase cleavage site of plasmid pBR322) and made only limited changes, and it is not certain that the conclusions with regard to sequence specificity would be generally applicable. Also, it is important that drug potency be determined by the efficiency of formation of cleavage complexes and subsequent replication fork arrest, issues that we have not specifically addressed in this work. Additionally, quinolones target topoisomerase IV in some organisms, and it is not known whether quinolone-DNA binding affects drug potency in the case of this enzyme. It is also important to point out that the SPR experiments and the enzyme assays described in this work were not carried out under identical conditions (e.g., they were carried out at different temperatures) and that this might affect the correlations that we have made.
In summary, we have found that there are various modes of quinolone binding to DNA but that interaction with singlestranded DNA, mediated by Mg 2ϩ , best correlates with drug potency. We suggest that single-stranded DNA, revealed by distortion of the bound DNA duplex in the gyrase active site, forms part of the drug binding pocket. 
